Several recent experimental studies have provided strong evidence for the ability of birds to manipulate the sex ratio of their offspring prior to laying. Using a captive population of peafowl (Pavo cristatus), we tested experimentally the effects of paternal attractiveness on offspring sex ratio, and related sex ratio deviations to egg-yolk concentrations of testosterone, 17b-estradiol and corticosterone. When females were mated to males whose attractiveness had been experimentally reduced by removing prominent eyespot feathers from their trains, they produced significantly more female offspring, had significantly higher yolk corticosterone concentrations and tended to have lower levels of yolk testosterone than when mated to the same males with their full complement of feathers. Concentrations of 17b-estradiol did not vary consistently with sex ratio biases. These findings add to the small number of studies providing experimental evidence that female birds can control the primary sex ratio of their offspring in response to paternal attractiveness, and highlight the possibility that corticosterone and perhaps testosterone are involved in the sex manipulation process in birds.
INTRODUCTION
When males and females have an equivalent reproductive value, parents should invest equally in sons and daughters (Fisher 1930) . However, in certain circumstances one sex may be more profitable than the other, and by adjusting their sex allocation parents could maximize their fitness (Frank 1990) . For example, when the relative fitness returns from sons and daughters vary with some ecological or morphological variable, sex allocation theory would predict that females distribute resources between them in response to that variable (Charnov 1982; Frank 1990 ). One such cue may be paternal attractiveness, because provided that variance in mating success is greater in males and male sexual attractiveness is heritable, a female mated to an unattractive male will maximize her fitness by investing in daughters (Weatherhead & Robertson 1979) . The peacock's train is a classic example of a male characteristic thought to have evolved by female choice. Previous work has shown the number of eyespots in the train to be an important predictor of male mating success (Petrie et al. 1991) , and for an experimental reduction in eyespot number to result in a decline in the number of mates obtained (Petrie & Halliday 1994) . Moreover, the degree of train elaboration, which is a heritable trait (M. Petrie, unpublished data) , is positively correlated with offspring survival, with a stronger effect in sons than in daughters (Petrie 1994) . It thus seems likely that genetic benefits maintain the strong female preference in this species. Therefore, in peafowl all the necessary conditions for an expected effect of paternal attractiveness on offspring sex ratio are met, although establishing the precise mechanism of sex ratio adjustment still presents a major challenge.
MATERIAL AND METHODS
This experiment was carried out during the summer of 2003 at a peafowl farm in Norfolk, UK. Male and female peafowl, all at least 3 years old and sexually experienced, were selected randomly from the stock population. Each male (nZ21) was housed with four females in outdoor wooden pens and supplied with food and water ad libitum. This meant that we knew the paternity, but not maternity of the eggs laid. At the time of capture we measured male and female body weight (to the nearest gram) and the number of eyespot feathers present in each male's train. Because train feathers were occasionally lost naturally, the number of eyespot feathers was recounted half way through the season. Female body weight did not differ significantly between pens (meanGs.d.: 3.63G0.34 kg; one-way ANOVA: F 20,63 Z1.24, pZ0.253).
Pens were divided equally into three groups: A, B and C. Prior to the start of egg laying, males in group A had 20 randomly selected eyespot feathers removed from their train (treatment) following the methodology of Petrie & Halliday (1994) . The mean (Gs.d.) pre-manipulation number of eyespots was 158G11.2, so we reduced the number of eyespots by 12.7%, on average, without affecting any other aspect of train elaboration. This is within the natural range for this population (meanGs.d. (range): 143G16.8 (72K185)) and despite the skew in reproductive success in favour of males with a large number of eyespots, most males manipulated in an identical manner by Petrie & Halliday (1994) still received matings. It is thus reasonable to assume that the males in the present study could also have achieved matings if allowed to breed naturally. Approximately half way through the breeding season (after four weeks), the same 20 feathers were reattached (treatment-control). Each feather had been cut at a 458 angle near its base allowing it to be reattached in exactly the same orientation, and held in place using a thin metal internal support and white duct tape. The join was hidden below the feather line. Males in group C underwent exactly the same procedures as those in group A except that treatment and treatment-control were reversed. Twenty eyespot feathers were removed, then immediately replaced, and finally removed again after four weeks. Males in group B formed an overall control. They were handled in the same way as those in the other two groups, both at the beginning and half way through the breeding season, but no train feathers were removed (see table 1 ). The complexity of the peacock's train precluded a positive manipulation to increase the number of eyespots.
Prior to being sent for incubation, a random sample of 50 eggs taken from all those laid in all pens during the previous week was selected each week for use in this study. A yolk sample (200 mg) was taken by inserting a 25-guage needle through the small end of each egg into the yolk. After sealing the hole with Germolene 'New Skin', the sample was weighed and stored at K20 8C until analysis. Ten yolk samples were randomly selected from each treatment group and 10 from each treatment-control group for yolk-hormone analysis. We did not analyse yolk samples from group B. After alcohol extraction, all yolk samples were assayed for testosterone, 17b-estradiol and corticosterone using commercially available enzyme-immunoassay (EIA) kits. Egg collection was stopped when the peacocks began to drop naturally their train feathers (after seven weeks).
Each week the eggs were incubated commercially until hatching. In the hatcher, each egg had an individual compartment so a chick could be reliably assigned to a particular egg. At hatching, blood samples (2-15 ml), taken under licence from the Home Office, were obtained from all chicks and embryonic tissue removed from all unhatched eggs where a visible embryo had developed. Blood samples and embryonic tissue were stored in absolute ethanol at K20 8C until analysis. Genomic DNA was extracted using the salt-based method of Bruford et al. (1998) , and embryos sexed using the polymerase chain reaction (PCR) to amplify part of the W-linked avian CHD gene (CHD-W) in females, and its non-W-linked homologue (CHD-Z) in both sexes using primers 2718R and 2550F (Fridolfsson & Ellegren 1999) . The sexing and hormone assays were performed blind and in a random order.
Two sex ratios (the number of males/total number of sexed eggs) were calculated for each male, one for each half of the breeding season, and analysed by fitting a generalized linear mixed model (GLMM), using the GLIMMIX macro (binomial errors, logit link function) in SAS v. 8. In the analysis, group (treatment, treatmentcontrol or control) was included as a fixed factor and, where the same male contributed more than one sex ratio to the analysis, male identity was included as a random factor to control for nonindependence of the sex ratios. Repeated-measures analyses, which compare changes in sex ratio between halves of the breeding season, were used for all tests. All other data met the assumptions of normality (Ryan-Joiner tests, all pO0.1). Means are presentedGs.e. and statistical tests are two-tailed with the significance level set at 5%.
RESULTS
Overall, the proportion of sons produced did not differ significantly from parity (0.47; binomial test: nZ295 eggs, pZ0.352), and while the control group (group B) showed a reduction in sex ratio during the second half of the season, this was not significant (F 1,6 Z1.28, pZ0.301; table 1). Moreover, the proportion of males produced by the treatment-control groups did not differ significantly from the control group sex ratios (group A (second half )Cgroup C (first half ) versus group B (second half )Cgroup B (first half ): F 1,7 Z 0.26, pZ0.625) or from parity (table 1) . However, the sex ratio produced by each treatment group was significantly lower than the sex ratios produced by the control group (group A (first half )Cgroup C (second half) versus group B (first half )Cgroup B (second half): F 1,7 Z6.48, pZ0.038; table 1) and comparing within groups, there was a significant reduction in sex ratio during treatment (group A (first half )Cgroup C (second half ) versus group A (second half )Cgroup C (first half ): F 1,13 Z11.95, pZ0.004).
Looking at all pens, the change in sex ratio between the first and second halves of the season was significantly positively related to the proportion of original eyespots present in the second half of the experiment (i.e. a measure of the change in eyespot number; rZ0.56, nZ21 pens, pZ0.009; figure 1), but not to changes in paternal body weight (rZ0.12, pZ0.608).
Even though infertile eggs or eggs in which a visible embryo failed to develop could not be sexed, there was no difference between treatment and treatment-control groups with respect to the proportion of unsexed eggs (F 1,13 Z0.88, pZ0.366; table 1) suggesting that the observed biases were present at laying (although care should be taken with this interpretation because the power of this analysis is only 0.27).
We used two factor ANOVAs to compare yolk hormone levels between eggs laid during treatment and treatment-control (figure 2), and between eggs of different sex. Yolk levels of testosterone and 17b-estradiol were not significantly affected by either treatment (testosterone: F 1,36 Z2.29, pZ0.139; 17b-estradiol: F 1,36 Z0.01, pZ0.985) or sex (testosterone: F 1,36 Z0.23, pZ0.637; 17b-estradiol: F 1,36 Z0.87, pZ0.358). However, while there was no effect of sex on yolk levels of corticosterone (F 1,36 Z2.21, pZ0.146), eggs produced during treatment contained significantly higher concentrations of corticosterone Offspring sex ratio in peafowl T. W. Pike & M. Petrie 205 than those laid during treatment-control (F 1,36 Z7.83, pZ0.008).
DISCUSSION
The results of the experiment described here show that when peahens were mated to peacocks whose attractiveness had been experimentally reduced by removing prominent eyespot feathers from their trains, they produced significantly more daughters than when mated to the same males with their full quotient of feathers. Our data strongly suggest that the observed changes in sex ratio were mediated by changes in eyespot number, and judging by the variance in sex ratio explained, this suggests that peahens have a remarkable degree of control over the sex of their offspring. These findings add to the small number of studies providing experimental evidence that female birds can control the primary sex ratio of their offspring in response to paternal attractiveness (Burley 1986; Sheldon et al. 1999) . However, the mechanism by which sex ratio deviations are achieved remains unknown. Several authors have suggested that yolk hormones could be involved in the sex biasing mechanism (e.g. Krackow 1999; Petrie et al. 2001 ), although we could find no evidence that yolk hormone levels differed between the sexes (cf. Petrie et al. 2001) . However, yolk testosterone levels in this study were considerably higher than those detected by Petrie et al. (2001;  mean females: 1.4 pg ml K1 , mean males: 2.0 pg ml K1 ; collected on day 10 of incubation), raising the possibility that the previous findings were brought about by selective embryonic utilization of steroids rather than differential maternal allocation. Here, yolk corticosterone levels were significantly elevated in eggs laid during treatment, and hence during times in which the sex ratio was significantly female-biased, while testosterone concentrations tended to be lower. Corticosterone is the major avian glucocorticoid released in response to stress (Harvey et al. 1984) and we might have detected higher corticosterone levels in eggs sired by treatment males because females were unwilling, but unable to avoid mating with males they perceived as less attractive. Chronic exposure to high levels of corticosterone can adversely affect body condition, which raises the possibility that the observed sex ratio biases were the result of decreases in maternal body condition (a common factor linked to sex ratio deviations; see references in Pike & Petrie 2003) mediated by our experimental manipulations, and that maternal plasma corticosterone was reflected in her eggs (Hayward & Wingfield 2001) . However, our data cannot test this directly. Testosterone levels may have been varying in response to increases in corticosterone. This is a common finding in endocrine studies of birds and is probably bought about by a suppressive effect of corticosterone on reproductive processes (e.g. Wingfield et al. 1994) . However, our data cannot tell whether the relationship between hormones and sex ratio skews is one of cause or effect, or whether corticosterone concentrations vary with some other variable. Further studies are needed to address these questions, and to elucidate the precise mechanism of avian sex ratio adjustment.
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